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We report circularly-polarized optical reflection spectroscopy of monolayer WS2 and MoS2 at low
temperatures (4 K) and in high magnetic fields to 65 T. Both the A and the B exciton transitions
exhibit a clear and very similar Zeeman splitting of approximately −230 µeV/T (g ≃ −4), providing
the first measurements of the valley Zeeman effect and associated g-factors in monolayer transition-
metal disulphides. These results complement and are compared with recent low-field photolumines-
cence measurements of valley degeneracy breaking in the monolayer diselenides MoSe2 and WSe2.
Further, the very large magnetic fields used in our studies allows us to observe the small quadratic
diamagnetic shifts of the A and B excitons in monolayer WS2 (0.32 and 0.11 µeV/T
2, respectively),
from which we calculate exciton radii of ∼1.53 nm and ∼1.16 nm. When analyzed within a model of
non-local dielectric screening in monolayer semiconductors, these diamagnetic shifts also constrain
and provide estimates of the exciton binding energies (∼410 meV and ∼470 meV for the A and B
excitons, respectively), further highlighting the utility of high magnetic fields for understanding new
2D materials.
Atomically-thin crystals of the transition-metal disul-
phides (MoS2 and WS2) and diselenides (MoSe2 and
WSe2) constitute a novel class of monolayer semiconduc-
tors that possess direct optical bandgaps located at the
degenerate K and K ′ valleys of their hexagonal Brillouin
zones [1, 2]. The considerable recent interest in these 2D
transition-metal dichalcogenides (TMDs) derives from
their strong spin-orbit coupling and lack of structural
inversion symmetry which, together with time-reversal
symmetry, couples spin and valley degrees of freedom
and leads to valley-specific optical selection rules [3–8]:
light of σ+ circular polarization couples to inter-band ex-
citon transitions in the K valley, while the opposite (σ−)
circular polarization couples to transitions in the K ′ val-
ley. The ability to populate and/or probe electrons and
holes in specific valleys using polarized light has renewed
long-standing interests [8–11] in understanding and ex-
ploiting such ‘valley pseudospin’ degrees of freedom for
both fundamental physics and far-reaching applications
in, e.g., quantum information processing.
The bands and optical transitions at the K and K ′
valleys are nominally degenerate in energy and related
by time-reversal symmetry. However, in analogy with
conventional spin degrees of freedom, this K/K ′ valley
degeneracy can be lifted by external magnetic fields B,
which break time-reversal symmetry. Recent photolumi-
nescence (PL) studies of the monolayer diselenides MoSe2
and WSe2 in modest fields have indeed demonstrated this
‘valley Zeeman effect’, and revealed an energy splitting
between σ+ and σ− polarized PL from the lowest-energy
“A” exciton transition [12–17]. In most cases, valley
splittings in these monolayer diselenides were found to
increase linearly with field at a rate of approximately
−4µB (≡ −232 µeV/T), where µB = 57.9 µeV/T is the
Bohr magneton. While this value agrees surprisingly well
with simple expectations from a two-band tight-binding
model (namely, that electron and hole masses are equal,
and that the exciton Zeeman shifts derive solely from the
hybridized dx2−y2 ± idxy atomic orbitals with magnetic
moment ±2µB that comprise the K/K ′ valence bands
[12–15]), it is also widely appreciated that a more com-
plete treatment based on established k ·p theory should,
with proper inclusion of strong excitonic effects, also
provide an accurate description. However, initial k · p
models have so far had limited success accounting for
the measured valley Zeeman effect in monolayer TMDs
[12, 16, 18].
At all events, magneto-optical studies of these new
monolayer semiconductors are still at a relatively early
stage and several outstanding questions remain. In par-
ticular, measurements of valley Zeeman effects in the
monolayer disulphides WS2 and MoS2 have not been
reported to date, which would provide a natural com-
plement to the existing data on monolayer WSe2 and
MoSe2. In addition, the valley Zeeman splitting of the
higher-energy “B” exciton has not yet been reported
in any of these 2D materials. Both of these stud-
ies would provide a more complete experimental basis
against which to benchmark new theoretical approaches.
And finally, the diamagnetic energy shift of these exci-
tons, which is anticipated to increase quadratically with
field and from which the spatial extent of the funda-
mental (1s) exciton wavefunctions can be directly in-
ferred [19–21], has not yet been observed in any of the
monolayer TMDs. Likely this is because the diamagnetic
shift, ∆Edia = e
2〈r2〉1sB2/8mr, is expected to be very
small and difficult to spectrally resolve in these materi-
als owing to the small root-mean-square (rms) radius of
2the 1s exciton (r1 =
√
〈r2〉1s), and large reduced mass
mr = (m
−1
e +m
−1
h )
−1. For example, if r1 ≈ 1.5 nm and
me = mh ≈ m0/2 (where m0 is the bare electron mass
andme/h is the effective electron/hole mass), then ∆Edia
is only ∼20 µeV at B = 10 T, clearly motivating the need
for large magnetic fields. Crucially, knowledge of ∆Edia
can also constrain estimates of the exciton binding en-
ergy – a subject of considerable recent interest in the
monolayer TMDs [22–34] wherein the effects of non-local
dielectric screening and Berry curvature can generate a
markedly non-hydrogenic Rydberg series of exciton states
and associated binding energies [35–39].
To address these questions, we report here a system-
atic study of circularly-polarized magneto-reflection from
large-area films of monolayer WS2 and MoS2 at low tem-
peratures (4 K) and in very high pulsed magnetic fields
up to 65 T. Clear valley splittings of about −230 µeV/T
are observed for both the A and B excitons, provid-
ing the first measurements of the valley Zeeman effect
and associated g-factors in monolayer transition-metal
disulphides. Moreover, due to the very large magnetic
fields used in these studies, we are also able to resolve
the small quadratic diamagnetic shifts of both A and
B excitons in monolayer WS2 (0.32 ± 0.02 µeV/T2 and
0.11 ± 0.02 µeV/T2, respectively), permitting estimates
of the rms exciton radius r1. These results are compared
with similar measurements of bulk WS2 crystals, and are
quantitatively modeled within the context of the non-
hydrogenic binding potential [22, 35, 36] that is believed
to exist in 2D semiconductors due to non-local dielectric
screening. Within this framework, we estimate A and B
exciton binding energies of ∼410 meV and ∼470 meV,
respectively, and we show how these values scale with
reduced mass mr.
Experiment. Large-area samples of monolayer WS2
and MoS2 were grown by chemical vapor deposition
on SiO2/Si wafers [40]. MoO3 and pure sulfur pow-
der were used as precursor and reactant materials, and
the growth was performed at a reactant temperature
of 625 ◦C. In addition, perylene-3,4,9,10-tetracarboxylic
acid tetrapotassium salt was loaded on the SiO2/Si sub-
strate, which acted as a seeding promoter to achieve uni-
form large-area monolayer crystals [41]. In addition, a
freshly-exfoliated surface of a bulk WS2 crystal was also
prepared.
Magneto-reflectance studies were performed at cryo-
genic temperatures (down to 4 K) in a capacitor-driven
65 T pulsed magnet at the National High Magnetic Field
Laboratory in Los Alamos. Broadband white light from
a xenon lamp was coupled to the samples using a 100 µm
diameter multimode optical fiber. The light was focused
onto the sample at near-normal incidence using a single
aspheric lens, and the reflected light was refocused by the
lens into a 600 µm diameter collection fiber. A thin-film
circular polarizer mounted over the delivery or collection
fiber provided σ+ or σ− circular polarization sensitivity.
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FIG. 1. Excitonic transitions and Zeeman shifts in
monolayer TMDs. (a) Diagrams of the conduction and
valence bands at the K and K′ valleys of the monolayer
transition-metal dichalcogenides, showing the A and B exci-
ton transitions (wavy lines) and the associated valley-specific
optical selection rules for σ+ and σ− light. For clarity,
the spin-up and spin-down conduction bands are separately
drawn on the left and right side within each valley, re-
spectively. A small spin-orbit splitting in the conduction
band, ∆c, is also depicted for completeness (theory predicts
∆c ∼ +30 and −5 meV for WS2 and MoS2, respectively [43]).
(b) Diagrams depict the relative shifts of the conduction and
valence bands in the K valley (i.e., σ+ transitions) due to
applied magnetic fields ±B ‖ zˆ. For clarity, ∆c = 0 here.
The contributions to each band’s Zeeman shift from spin,
atomic orbital, and valley orbital (Berry curvature) magnetic
moment are depicted separately by black, purple, and green
arrows. The σ+ polarized A and B exciton transition ener-
gies decrease (increase) in positive (negative) field. By time-
reversal symmetry, the shifts depicted here for B < 0 in theK
valley are equivalent to those in theK′ valley (σ− transitions)
when B > 0.
The collected light was dispersed in a 300 mm spectrom-
eter and detected with a charge-coupled device (CCD)
detector. Spectra were acquired continuously at a rate of
500 Hz throughout the ∼50 ms long magnet pulse.
Exciton transitions and Zeeman effects in
monolayer TMDs. Figure 1a depicts a single-particle
energy diagram of the conduction and valence bands in
monolayer TMDs at the K and K ′ points of the hexag-
onal Brillouin zone, along with the A and B exciton
transitions (wavy lines) and valley-specific optical se-
lection rules. Strong spin-orbit coupling of the valence
band splits the spin-up and spin-down components (by
∆v ∼400 meV and 150 meV in WS2 and MoS2, respec-
tively), giving rise to the well-separated A and B exci-
ton transitions that are observed in optical absorption or
3reflection spectra. As depicted, σ+ circularly-polarized
light couples to both the A and B exciton transitions
in the K valley, while light of the opposite σ− circular
polarization couples to the exciton transitions in the K ′
valley.
At zero magnetic field, time-reversed pairs of states in
the K andK ′ valleys – e.g., spin-up conduction (valence)
bands in K and spin-down conduction (valence) bands in
K ′ – necessarily have the same energy and have equal-
but-opposite total magnetic moment (µc,vK = −µc,vK′).
Therefore, an applied magnetic field, which breaks time-
reversal symmetry, will lift the K/K ′ valley degeneracy
by shifting time-reversed pairs of states in opposite direc-
tions in accord with the Zeeman energy −µ ·B. This will
Zeeman-shift the measured exciton energy if the relevant
conduction and valence band moments are unequal; viz,
∆EZ = −(µc − µv) · B. In the following, we consider
strictly out-of-plane fields, B = ±Bzˆ.
Figure 1b depicts the field-dependent energy shifts of
the conduction and valence bands in theK valley (σ+ po-
larized light), for both positive and negative field. The
various contributions to the total Zeeman shift in the
monolayer TMDs have been discussed in several recent
reports [3, 12–15, 42], which we summarize as follows. In
general, the total magnetic moment µ of any given con-
duction or valence band in the K or K ′ valley contains
contributions from three sources: spin (µs), atomic or-
bital (µl), and the valley orbital magnetic moment that
is associated with the Berry curvature (µk). Note that
the latter two have been referred to as “intra-cellular”
and “inter-cellular” contributions to the orbital magnetic
moment, respectively [12, 13]. The spin contribution to
the exciton Zeeman shift ∆EZ is expected to be zero,
since the optically-allowed transitions couple conduction
and valence bands having the same spin (µcs = µ
v
s). In
contrast, the conduction and valence bands are com-
prised of entirely different atomic orbitals: the dz2 or-
bitals of the conduction bands have azimuthal orbital
angular momentum lz = 0 (µ
c
l = 0), while the hybridized
dx2−y2 ± idxy orbitals that comprise the valence bands
have lz = ±2h¯ (µvl = ±2µB) in the K and K ′ valleys,
respectively. This contribution is expected to generate a
Zeeman shift of the K and K ′ exciton of ∓2µBB, respec-
tively, and therefore, a total exciton splitting of −4µBB.
Finally, the valley orbital (Berry curvature) contribu-
tion to the conduction and valence band moments are
µck = ±(m0/me)µB and µvk = ±(m0/mh)µB in the K
and K ′ valleys, respectively. In a simple two-band tight-
binding model where me = mh, then µ
c
k = µ
v
k and shifts
due to the valley orbital magnetic moment do not appear
in ∆EZ. In more general models [43] where me 6= mh,
these Berry curvature contributions may play a role and
cause a deviation of the exciton Zeeman splitting away
from −4µB.
To selectively probe the K and K ′ transitions in our
magneto-reflectivity experiments, we typically fixed the
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FIG. 2. Valley Zeeman effect and diamagnetic shift in
monolayerWS2. (a) Reflection spectrum of monolayer WS2
at B = 0 T and T = 4 K. The A and B exciton resonances are
labeled. (b) Normalized reflection spectra (1−R/R0) at the A
exciton resonance using σ+ polarized light. The dashed black
trace was acquired at B = 0 T. The red trace was acquired at
+65 T, and corresponds to the σ+ transition in the K valley.
The blue trace was acquired at −65 T, which is equivalent (by
time-reversal symmetry) to the σ− transition in the K′ valley
at +65 T. The valley Zeeman splitting between these two
peaks is clearly resolved. (c) Similar reflection spectra and
valley Zeeman splitting of the B exciton. (d) Energies (E+
and E−) of the field-split A exciton versus magnetic field.
(e) Same, but for the B exciton. (f) The measured valley
Zeeman splitting (E+ − E−) versus magnetic field, for both
A and B excitons. The dotted line corresponds to a splitting
of−4µB (−232 µeV/T). (g) The average energy, (E
++E−)/2,
for both the A and B excitons (the zero-field offset has been
subtracted). A small quadratic diamagnetic shift is revealed.
The dotted lines show quadratic fits to the data (∆Edia =
σB2), where σ is the diamagnetic shift coefficient. We find
that σA = 0.32± 0.02 µeV/T
2 and σB = 0.11± 0.02 µeV/T
2
for the A and B exciton, respectively.
handedness of the circular polarizer to σ+, and pulsed
the magnet in the positive (+65 T) and then the neg-
ative (−65 T) field direction. The latter case is exactly
equivalent (by time-reversal symmetry) to measuring the
σ− optical transitions in positive field (we also explicitly
verified this by changing the circular polarizer). Sign con-
4ventions were confirmed via magneto-reflectance from a
diluted magnetic semiconductor (Zn0.92Mn0.08Se) [44].
Valley Zeeman effect in monolayer WS2. Fig-
ure 2a shows the reflection spectrum (raw data) from
monolayer WS2 at 4 K. Both the A and B exciton tran-
sitions are clearly visible and are superimposed on a
smoothly-varying background. Figure 2b shows the well-
resolved Zeeman splitting of the A exciton in WS2 at
the maximum ±65 T applied magnetic field. Red, blue,
and (dashed) black curves show the normalized reflec-
tion spectra, 1 − R/R0 (where R0 is a smooth back-
ground), at +65, −65, and 0 T respectively. A valley
splitting of ∼15 meV, analyzed in detail below, is ob-
served. Moreover, because these measurements are based
on magneto-reflectance spectroscopy (rather than PL),
the valley splitting of the higher-energy B exciton in WS2
can also be observed, as shown in Fig. 2c. For both the
A and B exciton, the energy of the exciton transition in
positive magnetic fields (hereinafter called E+) shifts to
lower energy, while the exciton energy in negative fields
(E−) shifts to higher energy, as labeled.
The exciton resonances were fit using complex (absorp-
tive + dispersive) Lorentzian lineshapes to extract the
transition energy. The field-dependent energies of the
split peaks in monolayer WS2, E
+(B) and E−(B), are
shown in Figs. 2d and 2e for the A and B excitons, respec-
tively. The splitting between the two valleys, E+−E−, is
shown in Fig. 2f for both the A and B excitons. The mea-
sured valley Zeeman splitting is negative, and increases in
magnitude linearly with applied field, with nearly iden-
tical rates of −228 ± 2 µeV/T for the A exciton and
−231± 2 µeV/T for the B exciton. These values corre-
spond to Lande´ g-factors of−3.94±0.04 and −3.99±0.04,
respectively, and represent the first measurements of the
valley Zeeman effect in the monolayer transition-metal
disulphides, and also the first measurement of the B ex-
citon valley splitting in any monolayer TMD material.
The A exciton valley splitting that we measure in
monolayer WS2 is quite close to that reported recently
from magneto-PL studies of its diselenide counterpart,
monolayer WSe2 [13, 16]. For comparison, reported g-
factors for all the monolayer TMDs are shown in Table 1.
As discussed above, our measured values of g ≃ −4 agree
surprisingly well with a simple two-band tight-binding
model, wherein me = mh and valley moment (Berry cur-
vature) contributions to the exciton magnetic moment
cancel out, so that the exciton Zeeman shifts derive solely
from atomic orbital magnetic moments of the valence
bands. However, Berry curvature contributions to the
Zeeman splitting are expected in more general models
[43] where me 6= mh. Deviations away from g = −4, ob-
served for example in [13] and [14], have been explained
along these lines (although, note that for tightly-bound
excitons, the total valley moment contribution can vary
significantly in magnitude and sign, because this orbital
moment must be averaged over a substantial portion of
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FIG. 3. Constraining exciton binding energies via the
diamagnetic shift. (a) A plot of the (non-hydrogenic) 1s
A exciton wavefunction in monolayer WS2, ψ1s(r), computed
by numerically solving Schro¨dinger’s equation using a reduced
mass mr = 0.16 and the non-local dielectric screening po-
tential V (r) defined in Eq. (1). The screening length r0
was adjusted to give ψ1s(r) such that the rms exciton ra-
dius r1 =
√
〈ψ1s|r2|ψ1s〉 = 1.53 nm, which is the value calcu-
lated from the measured diamagnetic shift σA = 0.32 µeV/T
2.
[Note that r1 is an rms value, and does not correspond to the
peak of the 2D radial probability density r|ψ(r)|2.] (b) Color
surface plot of the calculated exciton binding energy, using
V (r) from Eq. (1), over a range of reduced mass mr and
screening length r0. Dashed lines show contours of constant
binding energy. Solid lines indicate contours of constant dia-
magnetic shift corresponding to those measured in Fig. 2g for
the A and B excitons in monolayer WS2. The calculated rms
exciton radius, r1, is indicated at various points along the
contours.
the Brillouin zone [13]).
In view of the above, it is therefore particularly note-
worthy that we also measure g ≃ −4 for the B exciton in
monolayer WS2, despite the fact that its reduced mass
almost certainly differs from that of the A exciton, as
shown below from direct measurements of the diamag-
netic shift (i.e., mh cannot equal me for both spin-up
and spin-down valence bands). Note that early studies
of bulk MoS2 [45–47] also indicate that the B exciton
mass significantly exceeds that of the A exciton. This
suggests that contributions to the orbital moment from
Berry curvature effects, expected when me 6= mh, may
not play a significant role in determining the measured
exciton magnetic moment and the valley Zeeman effect.
5Material A exciton g-factor B exciton g-factor σA [µeV/T
2] σB [µeV/T
2]
monolayer WS2
-3.94 ± 0.04
-3.33 ± 0.04 (bulk)
-3.2 ± 0.3 (bulk) [49]
-3.99 ± 0.04
0.32 ± 0.02
0.64 ± 0.02 (bulk)
0.11 ± 0.02
monolayer MoS2
-4.0 ± 0.2
-4.6 ± 0.08 (bulk) [50]
-3.1 ± 0.1 (bulk) [49]
-4.65 ± 0.17 – –
monolayer WSe2
-3.7 ± 0.2 [16]
-4.37 ± 0.15 [13]
-1.57 to -2.86 [14]
-4 ± 0.5 [17]
– – –
monolayer MoSe2
-3.8 ± 0.2 [12, 16]
-4.1 ± 0.2 [15]
– – –
TABLE I. Summary of effective g-factors and diamagnetic shifts in monolayer TMDs. Experimentally measured
exciton g-factors corresponding to the valley Zeeman effect, and diamagnetic shift coefficients σ, in monolayer transition-metal
dichalcogenide materials. Measurements from this work are indicated in boldface. For comparison, also included are selected
measurements from bulk crystals.
Non-local dielectric screening in monolayer
TMDs. In addition to the reduced massmr, the charac-
teristic size of the A and B excitons in monolayer TMDs
is an essential parameter for determining material and
optical properties. This is especially relevant because of
non-local dielectric screening in these and other 2D mate-
rials, which fundamentally modifies the functional form
of the attractive potential V (r) between electrons and
holes [22, 35, 36]. Rather than a conventional Coulomb
potential, V (r) is believed to assume the following form:
V (r) = − e
2
8ε0r0
[
H0
(
r
r0
)
− Y0
(
r
r0
)]
, (1)
whereH0 and Y0 are the Struve function and Bessel func-
tion of the second kind, respectively, and the character-
istic screening length r0 = 2piχ2D, where χ2D is the 2D
polarizability of the monolayer material [22, 36]. This
potential follows a 1/r Coulomb-like potential for large
electron-hole separations r ≫ r0, but diverges weakly as
log(r) for small separations r ≪ r0, leading to a markedly
different Rydberg series of exciton states with modified
wavefunctions and binding energies that cannot be de-
scribed within a hydrogen-like model [22–24, 26].
Diamagnetic shifts in monolayer WS2. To this
end, the use of very large 65 T magnetic fields allows us
to measure for the first time the small diamagnetic shifts
of excitons in monolayer TMDs so that the characteristic
size of their wavefunctions can be directly inferred. In
general [19–21], an exciton diamagnetic shift ∆Edia is
expressed as
∆Edia =
e2
8mr
〈r2〉B2 = σB2. (2)
Here, σ is the diamagnetic shift coefficient, mr is the in-
plane reduced mass, r is a radial coordinate in a plane
perpendicular to the applied magnetic field B (here, for
B ‖ zˆ, r is in the monolayer plane), and 〈r2〉1s =
〈ψ1s|(x2 + y2)|ψ1s〉 is the expectation value of r2 over
the 1s exciton wavefunction ψ1s(r). Equation (2) applies
in the ‘low-field’ limit where the characteristic cyclotron
energies h¯ωc (and also ∆Edia) are less than the exciton
binding energy, which is the case for excitons in TMDs
even at ±65 T. Given mr, σ can then be used to deter-
mine the rms radius of the 1s exciton in the monolayer
plane, r1:
r1 ≡
√
〈r2〉1s =
√
8mrσ/e. (3)
This definition is entirely general and independent of
V (r). [Note that for a standard Coulomb potential
V (r) = −e2/(4piεrε0r) in two dimensions, r1 =
√
3
2
a0,2D,
where a0,2D = 2piεrε0h¯
2/mre
2 is the classic Bohr radius
for hydrogenic 2D excitons.]
Exciton diamagnetic shifts have eluded detection in re-
cent magneto-PL studies of monolayer MoSe2 and WSe2
[12–16], likely due to the limited field range employed
(|B| < 10 T). Here, the diamagnetic shift of the A ex-
citon in monolayer WS2 can be seen in 65 T fields via
the slight positive curvature of both E+(B) and E−(B)
in Fig. 2d. To directly reveal ∆Edia, Fig. 2g shows the
average exciton energy, (E+ +E−)/2. Overall quadratic
shifts are indeed observed, indicating diamagnetic coef-
ficients σA = 0.32± 0.02 µeV/T2 for the A exciton and
a smaller value of σB = 0.11 ± 0.02 µeV/T2 for the B
exciton. These measurements were repeated on five dif-
ferent regions of the monolayer WS2 sample, with similar
results.
Exciton radii and binding energies. Importantly,
knowledge of σ constrains not only the rms exciton radius
r1 (if the mass is known), but also the exciton binding
energy if the potential V (r) is known. Theoretical esti-
mates [3, 22, 30, 31] for the A exciton reduced mass in
monolayer WS2 range from 0.15 to 0.22m0, from which
we can then directly calculate r1,A = 1.48 − 1.79 nm
via Eq. (3). These values are in reasonable agreement
6with recent ab initio calculations of the 1s exciton wave-
function in monolayer WS2 [24], and further support a
picture of 2D Wannier-type excitons with lateral extent
larger than the monolayer thickness (0.6 nm) and span-
ning several in-plane lattice constants.
Moreover, σ, mr, and r1 can then be used to calcu-
late the A exciton wavefunction ψ1s(r) and its binding
energy, by numerically solving the 2D Schro¨dinger equa-
tion for describing the relative motion of electrons and
holes using the potential V (r) as defined in Eq. (1), and
taking the screening length r0 as an adjustable parameter
to converge on a solution for ψ1s(r) that has the correct
rms radius r1. For example, using mr,A = 0.16m0 for the
A exciton in WS2, and using the measured diamagnetic
shift σA, we find that r1,A = 1.53 nm via Eq. (3). A
wavefunction ψ1s(r) with this rms radius, shown explic-
itly in Fig. 3a, is calculated if (and only if) the screening
length r0 = 5.3 nm, and the binding energy of this state is
410 meV. For comparison, this inferred screening length
is somewhat larger than expected for a suspended WS2
monolayer (where r0 = 2piχ2D = 3.8 nm [22]), but is
less that the value of 7.5 nm used recently by Chernikov
[23] to fit a non-hydrogenic Rydberg series of excitons in
WS2 from reflectivity data. Similarly, the 410 meV ex-
citon binding energy that we estimate exceeds the value
inferred by Chernikov (320 meV), but is less than the 700-
830 meV binding energies extracted from two-photon ex-
citation studies [24, 25] and reflectivity/absorption stud-
ies [27] of monolayer WS2. We emphasize, however, that
the exciton wavefunctions and binding energies that we
calculate necessarily depend on the reduced massmr and
the exact form of the potential V (r), which is sensitive
to the details of the dielectric environment and choice of
substrate material [32, 48].
More generally, Fig. 3b shows a color-coded surface
plot of the exciton binding energy, calculated within the
framework of the non-local dielectric screening potential
V (r) defined in Eq. (1), over a range of reduced masses
mr and effective dielectric screening lengths r0. At each
point, the 1s exciton wavefunction ψ1s(r), its binding en-
ergy, and its rms radius r1 were calculated, from which
we computed the expected diamagnetic shift coefficient
σ = e2r21/8mr. Importantly, the solid lines on the plot
indicate the contours of constant diamagnetic shift that
correspond to our experimentally-measured values σA
and σB. At intervals along these contours, r1 is in-
dicated. From this plot, it can be immediately seen
that over the range of theoretically-calculated masses
(mr,A = 0.15 − 0.22m0), excitons having the appropri-
ate size to give the measured diamagnetic shift σA (i.e.,
those lying along the σA contour) have binding energies
in the range of 480-260 meV. Within this model, excitons
with even larger binding energies (but still constrained to
exhibit the correct diamagnetic shift) are anticipated if
the reduced massmr is lighter and the effective screening
length r0 is smaller.
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FIG. 4. Zeeman splitting and diamagnetic shift in bulk
WS2. (a) Intensity of reflected σ
+ light from the A exciton
in bulk WS2 at 4 K, using B=0, +60, and −60 T. (b) En-
ergies of the Zeeman-split exciton transitions, E+ and E−.
(c) The measured exciton splitting (E+−E−), corresponding
to g = −3.33. For comparison, the red line shows the valley
Zeeman splitting measured in monolayer WS2 (cf Fig. 2f).
(d) The average energy, (E++E−)/2, showing a diamagnetic
shift (0.64 µeV/T2) that is twice as large as that measured in
monolayer WS2 (red line; cf Fig. 2g).
In addition, Fig. 3b also allows us to estimate the mass,
binding energy, and spatial extent of the B exciton in
monolayer WS2, for which a smaller diamagnetic shift of
σB = 0.11 µeV/T
2 was measured. Assuming that the lo-
cal dielectric environment is similar for A and B excitons
(i.e., r0 is unchanged), then parameters for the B exciton
lie at a point on the σB contour that is directly to the
right of those on the σA contour. Thus, if mr,A = 0.16m0
and r1,A = 1.53 nm as discussed above, then the B ex-
citon reduced mass is mr,B = 0.27m0, its rms radius is
r1,B = 1.16 nm, and its binding energy is 470 meV. These
values are qualitatively consistent with trends identified
in early optical studies of bulk MoS2 crystals [46, 47], in
which B exciton masses and binding energies were found
to exceed those of A excitons. These results highlight
a further interesting consequence of the potential V (r),
which is that exciton binding energies scale only weakly
and non-linearly with mr, in contrast to the case for hy-
drogenic potentials.
Zeeman splitting and diamagnetic shifts in bulk
WS2. For comparison with monolayer WS2, circularly-
polarized magneto-reflectance measurements were also
performed on a bulk WS2 crystal, where the A exciton
resonance and its Zeeman splitting are readily resolved
(Figs. 4a, b). The Zeeman splitting, shown in Fig. 4c,
increases linearly with field at a rate of −193 µeV/T
(g = −3.33), in excellent agreement with early mag-
netic circular dichroism measurements of g-factors in
7bulk WS2 [49], wherein it was suggested that deviations
from g = −4 arise from the crystal-field mixing of p-type
chalcogen atomic orbitals into the predominantly d-type
character of the conduction and valence bands. Within
this context, the value of g ≃ −4 that we measured in
monolayer WS2 (see Fig. 2f) suggests that such mixing
effects may be suppressed in atomically-thin WS2. In
addition, Fig. 4d shows that the measured diamagnetic
shift of the A exciton in bulk WS2 is 0.64 µeV/T
2, which
is twice as large as in monolayer WS2. Assuming an in-
plane reduced mass ofmr = 0.21m0 in bulk WS2 [51], we
calculate via Eq. (3) an in-plane rms radius of 2.48 nm for
the bulk A exciton, which is substantially larger than in-
ferred for monolayer WS2. Further, using an effective di-
electric screening constant εr = 7.0 [51], we estimate the
A exciton binding energy in bulk WS2 via the standard
hydrogenic formulation, mr/(m0ε
2
r)×13.6 eV = 58 meV,
which is close to that found in other bulk TMDs [52].
Therefore, we estimate that the binding energy of the
A exciton in WS2 increases by approximately a factor
of 7 upon reducing the dimensionality of the host crys-
tal from 3D to 2D. Note, however, that these estimates
depend on the assumed value of the reduced mass mr,
which has not yet been measured independently by, e.g.,
cyclotron resonance studies.
Valley Zeeman effect in monolayer MoS2. To
complete this study of the monolayer transition-metal
disulphides, we also performed high-field magneto-
reflectance studies on large-area samples of monolayer
MoS2 (Fig. 5). The A and B exciton linewidths are
broader and the optical reflection contrast is lower than
for monolayer WS2 (Fig. 5a). Nonetheless, a clear valley
Zeeman splitting of both excitons is observed (Figs. 5b,
c). The energies of the field-split exciton peaks are shown
in Figs. 5d and 5e for the A and B excitons, respectively.
Although the reduced signals and broader features lead
to increased scatter in the fitted data, Fig. 5f shows that
the measured valley splitting of the A and B excitons in
MoS2 increases approximately linearly with field at rates
of −233 ± 10 µeV/T and −270 ± 10 µeV/T, correspond-
ing to g ≃ − 4.0 ± 0.2 and −4.65 ± 0.17, respectively.
For the A exciton, this value is very close to those in-
ferred from low-field magneto-PL studies [12, 15, 16] of
their diselenide counterpart, monolayer MoSe2 (see Table
1). As discussed above for the case of monolayer WS2, a
g-factor of −4 for the A exciton agrees surprisingly well
with expectations from a simple two-band tight-binding
picture, and suggests that the valley Zeeman effect in
MoS2, much like MoSe2, is largely uninfluenced by con-
tributions from the valley orbital (Berry curvature) mag-
netic moment. We note, however, that the measured val-
ley g-factor is somewhat larger for the B exciton in mono-
layer MoS2. Unfortunately, the reduced signal levels from
these monolayer MoS2 samples led to correspondingly in-
creased scatter in the fitted exciton energies, precluding
an accurate determination of exciton diamagnetic shifts
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FIG. 5. Valley Zeeman effect in monolayer MoS2.
(a) Reflection spectrum of monolayer MoS2 at B=0 T and
T=4 K. The A and B exciton resonances are labeled. (b,c)
Normalized reflection spectra (1-R/R0) at the A and B exci-
ton resonances at B=0, +65 T and -65 T. (d) Energies of the
field-split A exciton transition. (e) Same, but for the B exci-
ton transition. (f) The measured valley splitting (E+ − E−)
versus magnetic field, for both A and B excitons. (g) The av-
erage energy of the two valley-split resonances, (E++E−)/2,
for both A and B excitons. Increased scatter in the data
from this MoS2 sample precludes any clear identification of
the diamagnetic shift.
in monolayer MoS2 (see Fig. 5g).
In summary, we have presented a comprehensive study
of valley Zeeman effect and diamagnetic shifts of excitons
in the archetypal monolayer transition metal disulphides
WS2 and MoS2. Valley g-factors of the A excitons are ap-
proximately−4, which are similar to those obtained from
transition metal diselenides. Unexpectedly, the heavier
B exciton in monolayer WS2 also exhibits g ≃ −4, sug-
gesting that the valley Zeeman effect is largely unaffected
by the exciton reduced mass. The very large magnetic
fields used in these studies also allowed the first measure-
ments of the exciton diamagnetic shifts in a monolayer
TMD – specifically, WS2 – from which rms exciton radii
were directly computed (r1 = 1.53 nm and 1.16 nm for
8the A and B excitons, respectively). Within a picture of
non-local dielectric screening in these 2D semiconductors,
these measurements of diamagnetic shifts allowed us to
constrain estimates of the exciton binding energies, which
we calculate to be 410 meV and 470 meV for the A and
B excitons in monolayer WS2. These studies highlight
the utility of very large magnetic fields for characterizing
new 2D material systems.
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